The early chick embryo contains subpopulations of cells that express lineage-specific transcription factors. We have developed protocols to examine the role of these cells during development that involve labeling them for cell tracking purposes and ablating them within the epiblast. The procedures take advantage of the fact that subpopulations of epiblast cells differentially express cell surface antigens recognized by monoclonal antibodies. Embryos are removed from the shell and incubated on the yolk with an antibody. Cells that bind the antibody are either tagged with a fluorescent secondary antibody or lysed with complement. For long-term analyses, embryos are returned to a host shell and placed in an incubator. This method of whole embryo manipulation ex-ovo and incubation in-ovo supports normal development into the fetal period.
INTRODUCTION
The epiblast of the chick embryo contains small numbers of cells that contain mRNAs for the basic helix-loop-helix transcription factors MyoD and NeuroM that are markers for the skeletal muscle and neuronal lineages, respectively (1) (2) (3) (4) (5) (6) . All MyoD positive epiblast cells synthesize a cell surface antigen recognized by the G8 monoclonal antibody (MAb) (3) (4) (5) (6) . The E12 MAb binds to a cell surface antigen present on a subpopulation of NeuroM expressing cells (4) . In order to examine the roles of MyoD-and NeuroM-positive epiblast cells in embryonic tissues, we have developed protocols to label and ablate these subpopulations in living embryos prior to the onset of gastrulation. Fluorescent secondary antibodies were used to visualize G8 and E12 labeled cells. Lysis of antibody labeled cells was carried out by incubating embryos in complement. A critical component of these experiments was the development of a method that would support the growth of embryos manipulated at the blastula stage into the fetal period.
An ex-ovo whole embryo culture system was developed over 50 years ago to facilitate experimentation with the early chick embryo (7) . The method involves removing the embryo from the yolk and culturing it on a glass ring in albumen. Several modifications have been made to the New culture method, including replacing the medium with a mixture of thin albumen and Bactoagar (8) and placing the embryos on a nucleopore or filter paper raft (9, 10) . The Early Chick Method of Chapman et al. (10) permits the establishment of more cultures in less time and supports the development of younger embryos compared to the New culture system. The visibility and accessibility of the embryo in these ex-ovo culture systems facilitates tissue manipulations (11) . However, the limitation of these culture systems is that development progresses normally for only 72 hours (10) .
75
Longer term evaluation of chick embryo development can be carried out by the "shell-less method" originally developed in the laboratory of Dr. Judah Folkman (12) . This method involves culturing embryos on the yolk in petri dishes. Modifications to the original procedure include suspending embryos on a tripod in plastic wrap (13) , or growing them in plastic cups (14, 15) or hexagonal polycarbonate weigh boats (16, 17) . Survival is low if cultures are established with embryos younger than 38 hours of incubation (Jean-Marie Gasc, personal communication). Addition of eggshell as a source of calcium to shell-less cultures increases the survival of 48 hour embryos beyond day 14 (18) (19) (20) (21) .
Chick embryos can also be cultured in surrogate eggshells (22) (23) (24) (25) . The original procedure was a three step process in which fertilized ova recovered from the oviduct were cultured in a glass jar for 24 hours, transferred to a windowed host shell for three days and transferred again to a second larger shell through hatching (22) . Under these conditions the maximum rate of hatching was 23%. Hatching increased to 63% when the process began with the second step using blastoderm stage embryos.
Embryos can be manipulated directly in the shell. In this procedure, a window is cut in the shell and the embryo on the yolk is stabilized for manipulation by removing some of the albumen (26) . As with the shell-less culture methods, survival rates increase when these in-ovo cultures are established after 36 hours of development (Dr. Matthew Korn, personal communication).
Our procedure is a hybrid of the shell-less and in-ovo culture methods. The procedure involves placing the contents of the egg into a tissue culture dish, labeling or ablating cells in the embryo while it resides on the yolk and transferring the embryo to a single host shell for growth into the fetal period. Our technique for labeling or ablating cells with complement depends on the existence of antibodies that specifically recognize surface antigens differentially expressed on subpopulations of cells. The advantages of this method are the ability to precisely target specific cell types in the blastula and the high rate of survival of manipulated embryos into the fetal period.
MATERIALS AND METHODS

Labeling and Ablating Cells Ex-Ovo
The contents of the egg were gently emptied into a Petri dish. Embryos residing on the yolk were staged according to the method of Hamburger and Hamilton (27) . Stages 2 and 4 embryos were incubated in 100 μl of the G8 or E12 MAb diluted 1:20 in Dulbecco's phosphate buffered saline (PBS) (Invitrogen) for 45 minutes at room temperature and rinsed three times with PBS. The G8 and E12 IgM MAbs bind to uncharacterized antigens present on the surface of cells expressing MyoD or NeuroM mRNA, respectively (3) (4) (5) (6) . Control embryos were incubated in PBS lacking primary antibody. For cell tracking experiments, rinsing was followed by incubation at room temperature for 45 minutes in goat anti-mouse IgM conjugated with rhodamine (Chemicon) diluted 1:600 in PBS. Embryos were rinsed three times in PBS. Diffusion of primary and secondary antibodies was limited by overlying the solutions with a piece of parafilm as described in the Protocols section.
Cell ablation within the stage 2 epiblast was carried out by incubating cells with the G8 or E12 MAb as described above, rinsing in PBS and applying 100 μl of baby rabbit complement (Cedar Lane, Inc.) diluted 1:40 in ice cold, sterile Hanks' buffered saline containing 0.1% bovine serum albumen. Embryos were incubated in complement for 30 minutes at room temperature. Control embryos were incubated in Hanks' buffer solution instead of primary antibody and then treated with complement. Dead cells were visualized by incubating embryos in 0.2% trypan blue (Sigma Aldrich) in PBS for 15 minutes. Embryos that were not incubated in trypan blue were transferred to host shells as described below.
Culturing Cells In Ovo
Host shells were prepared under sterile conditions by cutting a window in the egg and removing its contents. Embryos that were labeled with antibodies or treated with complement on the yolk were poured into the host shell. The thick albumen was poured into the shell first, followed by the embryo on the yolk. Thin albumen was used to fill the shell until the embryo was approximately 0.5-1 cm below the opening. The window was covered with a sterile piece of plastic wrap. Treated and control embryos were incubated at 37 o C for a maximum of 17 days.
Analyzing Embryos
Embryos were fixed overnight in 4% formaldehyde. Whole stage 2 and 14 embryos and transverse 10 μm paraffin sections of 5 and 6 day embryos were counterstained with Hoechst nuclear dye (Sigma Aldrich) and mounted in Elvanol (Dupont). 
RESULTS AND DISCUSSION
Our ex-ovo/in-ovo procedure is a precise and efficient method for labeling and ablating cells in blastula stage chick embryos that supports development into the fetal period. We have used this procedure to fluorescently label subpopulations of epiblast cells that express myogenic and neurogenic transcription factors with the G8 and E12 MAbs, respectively (4-6). In the stage 2 embryo, the G8 and E12 MAbs bind to separate populations of cells in the posterior epiblast (Fig. 1A and B) (4) . A second and larger for eight days was approximately 90%. By day 13, survival declined to approximately 70%. None of the stages 1-4 embryos labeled on the yolk with primary and fluorescent secondary antibodies ex-ovo and grown in-ovo for 2-13 days had gross malformations (Fig. 1C-E ).
Cells labeled with the G8 MAb at stage 2 were clearly visible in sections through the somites of the stage 25 embryo. G8-positive cells were concentrated in the dorsomedial (Fig. 1G ) and ventrolateral regions of the dermomyotome and myotome (5, 6) . Cells labeled with the E12 MAb in the stage 4 epiblast were visible in the brain and neural tube of unsectioned stage 14 embryos (Fig. 1I and J). E12-positive cells were observable in whole embryos for an additional 48 hours of development by epifluorescence microscopy, although confocal microscopy or sectioning the embryos is required for quantitative analyses. These experiments demonstrate that epiblast cells can be labeled with non-function perturbing antibodies ex-ovo and cultured in host shells without adversely affecting development. Detection of antigens sensitive to endogenous protease digestion may require incubations at 4 o C instead of room temperature.
The technique of complement-induced cell lysis was utilized over 50 years ago to examine antigenicity in the chick embryo (28) . We have taken advantage of complement's ability to lyse cells bound with antibodies to eliminate specific subpopulations within the epiblast that express different cell surface antigens (5) . Incubation in baby rabbit complement alone at a dilution of 1:40 did not increase cell death in the epiblast ( Fig. 2A ). Labeling cells with the G8 and E12 MAbs followed by incubation in complement resulted in lysis of separate populations of epiblast cells, as determined by the uptake of trypan blue ( Fig. 2B and C) (5) . Testing the specificity of lysis of antibody labeled cells with different concentrations of complement purified from various sources is recommended for each primary antibody and stage of development.
Lysis of subpopulations of epiblast cells labeled with the G8 or E12 MAbs produced different malformations as development progressed. Elimination of G8-positive cells in the stage 2 epiblast led to a herniation of organs through the ventral body wall (Fig. 2E and H) . Loss of integrity of the body wall resulted from a dramatic reduction in skeletal muscle in the myotome (5). The mechanism whereby G8/MyoD-positive epiblast cells regulate myogenesis in the somites involves the production of the bone morphogenetic inhibitor Noggin (5). These embryos died between the sixth and seventh day of development.
Lysis of the subpopulation of NeuroM expressing cells recognized by the E12 MAb led to neural tube defects (Fig. 2I) . The role of E12-positive epiblast cells during neural tube development has not yet been characterized. Embryos treated with E12 and complement remained viable for at least nine days. Exposure to baby rabbit complement alone did not produce malformations in the embryo (Fig. 2D and G) . Embryos on the yolk were placed in a Petri dish. Prior to manipulation, excess albumen was teased away from each side of the embryo with a Kimwipe (A). A solution was delivered to the lateral edge of the embryo with a pipet (B). A piece of parafilm was used to spread the solution over the embryo (B and C). Host shells were prepared by cutting an opening in the top of the shell large enough for the yolk to fit through (D and E). The thick albumen and embryo on the yolk were poured into the empty host shell (F). Thin albumen was added to approximately 0.5 cm below the opening in the shell (G). The opening was covered with plastic wrap (H).
We have used this ex-ovo/in-ovo procedure to follow the fate of cells labeled in the epiblast and to determine the effects of ablating them on differentiation and morphogenesis (5, 6) . Our procedure requires no special equipment other than a dissecting microscope and a fiber optic light source for illumination from above. A significant advantage of this ex-ovo/in-ovo procedure over previously published culture methods, including the technique of manipulating embryos through a window in the shell, is that experiments can be initiated prior to the onset of gastrulation and subsequently grown to fetal stages with a high rate of survival. The application of antibodies for labeling or ablation is achieved without perturbing the embryo.
The procedures we have developed for cell tracking and ablation depend on the existence of antibodies that recognize cell surface antigens expressed on specific subpopulations in the early embryo. Other methods of marking cells that could be used with our ex-ovo/in-ovo system include transplantation of quail cells into chick hosts (29) , microinjection of vital dyes (30-33) and microinjection or electroporation of genes coding for fluorescent proteins (34, 35) . Microinjection of fluorescent dyes followed by laser ablation was used to eliminate cells in stages 12-18 embryos grown in shell-less cultures (17) . This approach could be attempted with blastula stage embryos using the ex-ovo/in-ovo protocol.
An important advantage of our ex-ovo/in-ovo method is that it supports the development of embryos manipulated at the blastula stage into the fetal period. The success of this method may be attributed, in part, to returning the embryo to the shell that maintains the appropriate tension on the yolk and provides calcium to the embryo. Although we have not yet extended our experiments beyond day 17, the host shell is expected to support development until hatching. c) Some eggs were set aside for the preparation of host shells as described in step 3.
d) Eggs were cracked and the contents poured into 100 mm tissue culture dishes without breaking the yolk. The side of the scissors was used to gently stroke the yolk to move the embryo to its upper surface.
e) Albumen was gently teased away from each side of the embryo with a Kimwipe (Fig. 3A ) creating a small depression over the embryo. In stages 10-15 embryos, the albumen was not as thick and the depression was less obvious than over the younger embryos. The yolks of older embryos are more fragile than younger embryos and greater care must be taken to remove the albumen.
Labeling cells with antibodies and lysing with complement
a) The G8 and E12 MAbs were diluted 1:20 in PBS.
b) The protective paper was carefully removed from a square of parafilm without touching its sterile surface. The parafilm was held with a forceps with the sterile side facing down. With the other hand, 100 μl of the primary antibody solution was added to the embryo (Fig. 3B) . The solution was placed just lateral to one edge of the embryo and not directly onto the middle of the embryo. The embryo was immediately covered with the parafilm to spread the solution over the embryo (Fig. 3C) . The tissue culture dish was covered with a lid to avoid drying. c) Embryos were incubated in primary antibody solution for 45 minutes at room temperature.
d) The parafilm was gently lifted off of the embryo with a forceps.
e) The embryo was rinsed three times with 100 μl PBS. The PBS was added to the side of the embryo. Care was taken to remove as much PBS as possible between rinses.
f) In cell tracking experiments, the secondary antibody diluted 1:600 in PBS was added as described in step 2b. Embryos were incubated for 45 minutes at room temperature.
g) Ablation of cells labeled with primary antibody was carried out by rinsing embryos three times with PBS and adding freshly diluted baby rabbit complement. A stock solution of complement was prepared by reconstituting lyophilized complement in 1 ml ice cold, sterile distilled water. The stock solution was diluted 1:40 in ice cold, sterile Hanks' buffered saline containing 0.1% BSA. Embryos were incubated in complement for 30 minutes at room temperature.
h) Embryos incubated with a secondary antibody or treated with complement were rinsed as described in 2e.
i) Lysed cells were visualized by incubating embryos in 0.2% trypan blue in PBS for 15 minutes. Embryos were rinsed in PBS. Embryos incubated in trypan blue were discarded after photography. j) Other embryos labeled with antibodies or lysed with complement were incubated in host shells as described below.
Preparing host shells
Note: Host shells were prepared immediately before use.
a) The egg was held horizontally. A scissors was used to poke a very small hole in the upper surface of the shell close to the blunt end of the egg.
b) The tip of the scissors was inserted into the hole and an opening was cut in the shell just large enough for the yolk to fit through ( Fig. 3D and E ).
c) The entire contents of the egg were poured out of the shell.
d) Ten ml of the thin albumen was saved from a few eggs in a sterile tube.
4. Placing the embryo in the host shell a) Three to five ml of thin albumen was removed from the culture dish containing the embryo on the yolk to insure that the contents did not exceed the capacity of the host shell.
b) The host shell was held in one hand. With the other hand, the thick albumen was poured into the shell followed by the embryo on the yolk (Fig. 3F) . Embryos with broken yolks were discarded.
c) The thin albumen saved in step 3d was used to fill the shell until the embryo was approximately 0.5-1 cm below the opening in the shell (Fig. 3G ).
d) A small amount of thin albumen was drizzled onto the shell around the perimeter of the opening to seal the plastic wrap to the shell.
e) The opening in the shell was covered with plastic wrap pulled as taut as possible (Fig. 3H) . Borwompinyo et al. (36) determined that windows covered with Handi Wrap supported a higher rate of hatching than Saran Wrap. We found that store brands of plastic wrap (ACME) were more porous than brand name wraps and allowed for better air exchange. Only the upper surface of the shell should be covered with plastic wrap.
f) The egg was laid horizontally in an egg carton for support with the covered window facing up (Fig. 3H ).
Embryos were grown at 37.5°C in a humidified incubator. The humidity within the incubator was monitored regularly as drying adversely affects survival.
